Volcanoes at spreading centres on land often exhibit seismicity and ground inflation months to years before an eruption, caused by a gradual influx of magma to the source reservoir [1] [2] [3] [4] . Deflation and seismicity can occur on time scales of hours to days, and result from the injection of magma into adjacent rift zones [5] [6] [7] [8] . Volcanoes at submarine rift zones, such as Axial Seamount in the northeast Pacific Ocean, have exhibited similar behaviour [9] [10] [11] [12] , but a direct link between seismicity, seafloor deformation and magma intrusion has never been demonstrated. Here we present recordings from ocean-bottom hydrophones and an established array of bottom-pressure recorders that reveal patterns of both microearthquakes and seafloor deformation at Axial Seamount on the Juan de Fuca Ridge, before it erupted in April 2011. Our observations show that the rate of seismicity increased steadily during a period of several years, leading up to an intrusion and eruption of magma that began on 6 April 2011. We also detected a sudden increase in seismo-acoustic energy about 2.6 h before the eruption began. Our data indicate that access to real-time seismic data, projected to be available in the near future, might facilitate short-term forecasting and provide sufficient leadtime to prepare in situ instrumentation before future intrusion and eruption events.
seismicity associated with the opening of a hydraulic fracture. As magma leaves the reservoir, the overlying ground surface typically subsides. The timing of this deflation signal often coincides with seismic activity, but there also are examples where the earthquake swarms are delayed by several hours relative to the onset of deflation 2, 5, 6 . Similarly, surface eruptions have been reported contemporaneously or up to several hours after deflation began. In other cases, dykes do not break the surface and eruptions are absent altogether. In comparison, only two other submarine-rift-zone eruptions have been observed in situ, one with seismic and temperature sensors (2005) (2006) East Pacific Rise eruption sequence) and the other with geodetic sensors (1998 Axial Seamount; refs [10] [11] [12] . Deflation of the caldera during the 1998 Axial eruption started three hours after the onset of regionally recorded seismicity 10, 12 and, based on the timing of a lava flow that engulfed one of the in situ instruments, the onset of eruptive activity and deflation were nearly simultaneous.
The OBHs at Axial Seamount recorded steadily increasing rates of local microseismicity beneath the caldera during the five years before April 2011 (ref. 14) , mirroring the increase in seismicity observed on the real-time regional hydrophones before the 1998 volcanic event 9, 17 , and similar to long-term seismic precursors observed at subaerial-rift-zone volcanoes 2, 3, 18 . By mid-April 2010, the number of earthquake swarms, which we define to be a sequence of >50 events in <one day, became more frequent (one every two to three months) and the rate of earthquakes began to increase (Fig. 2) , indicating pressure in the magma reservoir was increasing. The locations of the 11 largest earthquake swarms that occurred between 2006 and 2011 are focused beneath the southeast portion of Axial's caldera. Focal depths for these earthquakes are estimated to be <1.5 km (ref. 14) .
Unfortunately, only three OBHs were deployed during the 2010-2011 monitoring period, instead of the four typically in use and the southernmost of these instruments remains encased in a ∼1.5-m-thick lava flow from the April 2011 eruption 16, 19 . With only two OBHs it is not possible to derive unique earthquake hypocentres; however, the two surviving OBHs and two recovered BPRs provide a detailed view of the timing and temporal evolution of the magma injection event 16 ( Fig. 1 ). The acoustic record from the OBH located on the east side of the caldera (closest to the 2011 eruptive fissures) is shown in Fig. 3 . To explain the frequency components, sequence of events and the total seismo-acoustic energy, we calculated the spectrogram and root mean square (r.m.s.) amplitude of the pressure-corrected OBH . By mid-April 2010, earthquake swarms of >50 events per day became more frequent (every two to three months) and the cumulative number of earthquakes began to rapidly increase.
time series in one-minute windows. The onset of broadband seismic energy and an initial uptick in signal amplitude begins at 00:35 gmt on 6 April (Fig. 4 ). An exponential increase in r.m.s. amplitude occurs during the next 2.1 h, tracking an increase in local earthquake and tremor activity caused by a magma dyke as it ascends through ocean crust 20 . Ranking the r.m.s. amplitudes based on quantile levels reveals that by 01:44 gmt, amplitudes exceed the 99.95% levels observed during the entire pre-intrusion monitoring period (Fig. 4) . The r.m.s. amplitude then peaks at 02:43 gmt, exceeding the largest amplitudes observed in the years before the intrusion event by a factor of four (Fig. 4) . This is followed by a steady decay in amplitude during the next ten days.
Bursts of strong volcanic (harmonic) tremor also were seen several days leading up to the 6 April event and up to two weeks afterwards. Two exceptionally strong bursts of volcanic tremor were recorded on 15 April, with signal amplitudes and durations (4-6 h) significantly larger than earlier tremor intervals (Fig. 3) . These signals are similar to volcanic tremor observed at subaerial systems 21 , with a fundamental frequency of 2.5 Hz and a 2.5 Hz overtone spacing up to 50 Hz. The tremor signals occur during periods with very few microearthquakes and no seafloor deformation, and the strongest examples occur days after the feeder dyke should have solidified 22 . This suggests that the tremor does not represent the transport of lava to the surface, but rather short-term surges in the flow of magma at depths near or within the source chamber.
Even though the OBHs recorded thousands of local earthquakes at Axial Seamount during the April 2011 volcanic event, only the two largest (M L 3.0 and 3.7) earthquakes were detected at regional and teleseismic distances by land-based stations 23 . The M L 3.0 event occurred at 02:53 gmt on 6 April and the M L 3.7 earthquake occurred at 04:11 gmt on 7 April. Incorporating the observed OBH arrival times and published phase data 23 , these events were located using a direct grid-search method that used a global one-dimensional velocity model and assumed a fixed hypocentral depth of two kilometres. The best-fitting solutions indicate that the two epicentres lie within two and one kilometres of the caldera rim, respectively, but with location uncertainties that encompass much of the volcanic edifice. The timing of these events indicates the M L 3.0 event occurred during the initial magma ascent, whereas the M L 3.7 event occurred as the caldera floor subsided in response to lateral diking down-rift 6 . In the BPR records 16 rapid vertical movement of the caldera floor begins abruptly at 02:30 gmt, ∼2.0 h after the earthquake swarm onset and ∼13 min before the maximum seismic energy release (Figs 3 and 4) . On the centre BPR, the caldera uplift amounted to ∼7 cm and peaked at 03:10 gmt, ∼27 min after the maximum in seismic energy. The observed BPR signal can be considered as the sum of two competing processes; uplift caused by an ascending dyke and simultaneous deflation caused by removal of magma from the subcaldera reservoir 5, 16 . We interpret that the rapid BPR uplift became observable only when the dyke neared the surface and uplift exceeded deflation 5, 24 . Once the dyke reached the surface and started to extend laterally down-rift, magma withdrawal from the reservoir increased and the deflation signal began to dominate the BPR records 16 . The delay between the onset of seismicity and the BPR uplift signal probably reflects the time required for the uplift to outpace deflation during the early stages of dyke ascent.
Temperatures recorded by the southern BPR first become elevated ∼4.0 h after the onset of deflation, before rising more abruptly 2.5 h later. This indicates that the dyke had breached the surface and lava was flowing within the caldera at a distance of >1 km from the eruptive fissures 16 . However, given the modest volume of lava erupted at the summit 19 , the deflation signal is probably also driven by the lateral propagation of the dyke 16 , which moves magma from beneath the caldera into the south rift zone. The observed decrease in r.m.s. amplitude during deflation is consistent with an increasing distance between the dyke tip (and associated earthquakes) and the OBHs as the dyke extends southwards away from the caldera.
The vertical propagation speed of the dyke from the source reservoir can be estimated using the time difference between the onset of the earthquake swarm and the time the dyke nears or breaches the sea floor. Assuming the onset of BPR uplift marks the rise of the dyke into the shallow crust yields a time difference of ∼2.0 h. Alternatively, assuming a seafloor eruption initiated near the time when deflation began (as was observed during the 1998 eruption 10 ) yields a time difference of ∼2.6 h ( Table 1) . The depth to the top of the Axial magma reservoir is assumed to be ∼1.5 km below the sea floor based on active source seismic imaging 25, 26 . Thus the magma ascent velocity is constrained to be between ∼21 and 16 cm s −1 , consistent with magma propagation rates previously estimated at submarine 11, 27 and subaerial rift zones [4] [5] [6] 8 . We have shown that a steady increase in seismicity rate and a rise in the frequency of earthquake swarms at Axial Seamount might be used to forecast future shallow intrusion or eruption events on timescales of years to months. Moreover, seismic and ground deformation records can be used together to track the shorter-term rise of magma from the crustal reservoir towards the sea floor. Sudden changes in the seismicity rate and seismic energy release probably mark the onset of diking and can appear several hours before magma reaches the sea floor.
Beginning in late 2013, the US regional cabled observatory will instrument the summit of Axial Seamount, providing real-time, high-bandwidth data access and adaptive sampling capabilities for a suite of multidisciplinary sensors, which will include eight ocean-bottom seismometers and three bottom-pressure/tilt recorders 28 . Tracking real-time seismic energy may provide an effective forecasting tool, whereby an alert is issued once short-term ground motions from local earthquakes exceed an empirically derived threshold value 29 . Based on nearly five years of in situ monitoring, the one-minute r.m.s. amplitudes observed during the April 2011 event can be viewed as extremely rare, with amplitudes first exceeding the 99.95% quantile within ∼1.25 h of the onset in seismic activity. Within the pre-intrusion time series, such high amplitude signals are never sustained for more than a few minutes, suggesting a shallow magma intrusion event could have been forecast soon after 01:44 gmt based on the persistence of extreme r.m.s. readings that continued to trend towards higher amplitudes (Fig. 4) . Thus real-time seismic monitoring, coupled with ground-deformation sensors, could provide up to several hours of warning, allowing other seafloor instruments on the cabled array (for example, time-lapse high-definition cameras, mass spectrometer, fluid temperature, chemical and microbial samplers, current meters) to be prepared and triggered in advance of the next magmatic event at Axial Seamount.
